Inhibition of DNA replication by the antitumor drug cis-diamminedichloroplatinum(I) (cis-DDP) has been proposed to be responsible for its cytotoxicity.
with the trans isomer, there appears to be a preference for d(GpNpG) sequences, where N is any intervening nucleotide. The monofunctional adduct formed between chlorodiethylenetriamineplatinum(II) chloride and DNA does not inhibit DNA synthesis in this system. cis-Diamminedichloroplatinum(II), (cis-DDP), is in widespread clinical use as an anticancer drug, whereas the trans isomer is inactive (1) . There is considerable evidence that DNA is the principal biological target of cis-DDP (2) . Al (3) (4) (5) (6) and elsewhere (7) (8) (9) (10) (11) has established that the major adduct formed when cis-DDP binds to DNA is an intrastrand crosslink between N-7 atoms ofadjacent guanosine residues, there is very little information about the sequence dependence of the binding of trans-DDP to DNA. It remains to be determined whether a specific cis-DDP-DNA adduct is responsible for the selective cytotoxicity of the drug.
Previous work has shown (i) that DNA replication is inhibited by cis-DDP in human AV3 cells in culture (12) and in Ehrlich ascites cells in vivo (13) and (it) that both cis-and trans-DDP bound to primed templates inactivate them as substrates for human DNA polymerases a and 8 and for reverse transcriptase (14) . Inhibition of replication due to inactivation of DNA as a template has been proposed to be responsible for the cytotoxicity of cis-DDP (2). Secondstrand synthesis on a single-stranded template has been chosen as a model for replication (15 MATERIALS AND METHODS DNA-Drug Reactions and Analysis. M13 mp8 viral DNA was isolated from phage by precipitation with polyethylene glycol, followed by phenol extraction (16 *To whom reprint requests should be addressed. 4616 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
reaction was then chased with 1 Al of 0.25 mM dNTPs and incubated for an additional 15 min. After incubation, the reactions were stopped by adding 10 Al offormamide containing 0.37% EDTA, 0.3% bromphenol blue, and 0.3% xylene cyanol and boiling for 5 min.
Eloctrophoresis. Aliquots of the enzyme reactions were immediately loaded onto an 8% polyacrylamide/7 M urea sequencing gel and electrophoresed at a constant 55 W until the xylene cyanol band had migrated down two-thirds of the gel. DNA fragments generated by the Sanger chain-terminator sequencing method (19) were electrophoresed in parallel with the samples to produce a nucleotide sequence ladder to aid in the analysis of the termination sites. The gels were dried, and the subsequent autoradiography was performed overnight at -70'C with Kodak XAR-5 film.
RESULTS AND DISCUSSION
In vitro DNA synthesis on a cis-DDP-treated template generates a population of DNA fragments, indicating that duplex synthesis has been terminated ( Fig. 1 Left, lanes 1 and 2). Similar experiments studying lesions produced by UV irradiation, N-acetoxy-2-acetylaminofluorene, and benzo [a] pyrene diol epoxide have shown that extension of the nucleotide chain stops after a base has been put in across from the nucleotide preceding the lesion (20) (21) (22) . Sequence analysis of the termination sites produced by cis-DDP (Fig.  2 ) reveals a strong sequence specificity for oligo(dG) regions. Bands resulting from the termination of synthesis appear at the nurleotide preceding all (dG)n (n ¢ 2) sequences on the template (platinated) strand, indicating that cis-DDP is forming an adduct at these sites, which prevents the polymerase from synthesizing further. This result is consistent with the formation of an intrastrand d(GpG) crosslink by cis-DDP. cisTDDP crosslinking of two adjacent guanosine residues through the N-7 position has been demonstrated by nuclear magnetic resonance studies of short oligonucleotides (5, 10, 11) and has been proposed to explain the inhibition of both exonuclease III and type II restriction endonucleases in a wide variety of experimental systems (3, 4, 9) .
In many cases, a band corresponding to chain termination appears at the first guanosine of the platinum-d(GpG) adduct, in addition to the band preceding this sequence ( Fig. 1 Left and 2). The appearance of bands at both of these positions may represent an attempt by the enzyme to synthesize past the platinum adduct. A nucleotide put in across from the first guanosine may subsequently be removed by the 3' -* 5' exonuplease activity of the enzyme when imperfect basepairing is detected, thus accounting for the appearance of two bands on the gel.
Genetics experiments have led to the proposal that d(GpApG) and d(GpCpG) sequences are also sites for cis-DDP binding (23) . NMR studies of the trimer d(GpCpG) show that a 1,3-d(GpNpG) crosslink is possible (24) . Analysis of such sequences in these experiments reveals that only very faint bands are visible at these positions, In D)NA treated with trans-DDP (see below), however, strong bands occur both one nucleotide before and at such sequences. Thus, it seems likely that the faintness of the bands at d(GpApG) and d(GpCpG) sequences in the cis-DDP-treated DNA is due to a much lower frequency of occurrence of these adducts [as compared to the d(GpG) adducts] rather than to the ability of the enzyme to synthesize past them.
In all lanes containing cis-or trans-DDP-treated DNA, there is a variable background of faint bands corresponding to nearly every nucleotide in the sequence. This background does not appear in the control experiment in which the primed DNA was not platinated (Fig. 1 Right, lane 1) and could reflect a greater tendency of the enzyme to become dissociated from a platinated template than a normal one. A reduced affinity of human DNA polymerases a and /3 for a platinated template has been reported by Harder et al. (14) .
In a second control experiment, the Klenow fragment of DNA polymerase I was preincubated for 15 min in the same reaction mixture as described previously except that the platinated DNA was not primed and, thus, could not serve as a substrate for polymerase activity. The mixture was then added to primed, unplatinated DNA, and the reaction was continued as usual. Full synthesis was observed (Fig. 1 Right, lane 2), indicating that enzymatic activity is not being impaired by transfer of platinum to the protein or by some other, unidentified mechanism.
trans-DDP also forms adducts that inhibit duplex synthesis (Fig. 1 Right, lanes 3 and 4) ; however, the sequence dependence of the inhibition is considerably less regular than for cis-DDP (Fig. 2) (Fig. 1 Left, and Fig. 2 ). There are other, less intense, bands one nucleotide preceding or at all guanosine residues, indicating perhaps a crosslink of guanine to another base-for example, N-1 or N-7 of adenine or N-3 of cytosine. Studies of platinum binding to nucleosides have shown that these heterocyclic nitrogen atoms are also platinum-binding sites, although not as favorable as N-7 of guanosine (25) . An alternative explanation is that a longer range crosslink is forming. Monofunctional binding of trans-DDP is unlikely in view of the long (overnight) dialysis period. Any monofunctionally bound platinum would have ample opportunity to form a bidentate adduct during this time period in the low-salt incubation buffer used. Moreover, as shown below, monofunctional adducts do not block DNA synthesis in this system.
It has been proposed that the reaction of bifunctional platinum compounds such as cis-and trans-DDP occurs via a two-step mechanism involving initial binding at one coordination site followed by slow closure of the chelate ring to form a bidentate adduct (26, 27) . This type of mechanism, however, has never been conclusively demonstrated. In an attempt to isolate monofunctionally bound cis-DDP in reaction with DNA, ammonium bicarbonate was added to block the second DNA coordination site on platinum. Only a very small fraction of the platinum was bound monofunctionally to salmon sperm DNA in this experiment, however (28) .
In order to determine whether monofunctionally bound platinum adducts halt duplex synthesis in the present system, we studied the effects of [Pt(dien)Cl]. Owing to the inert character of the tridentate diethylenetriamine ligand, [Pt(dien)Cl]+ has only one labile (chloride) ligand and, therefore, can only bind in a monofunctional fashion. As shown in Fig. 3 polymerase I. Termination of duplex synthesis on cis-DDPtreated templates both reveals that (dG), (n 2 2) regions are the major binding sites of cis-DDP and demonstrates that the adduct formed at these sites blocks DNA synthesis. Although the DNA platinated in these experiments was single stranded, the sequence specificity of cis-DDP for binding to oligo(dG) sequences is the same as found previously with duplex DNA (3) (4) (5) . The results with the trans isomer show its binding to be less selective. A crosslink between guanines in d(GpNpG) sequences appears to be the most prevalent, but not exclusive, adduct formed in trans-DDP-treated DNA. Crosslinks to bases other than guanine or longer-range crosslinks are also indicated. The monofunctional platinum adducts formed by [Pt(dien)Cl]+ do not inhibit DNA synthesis in this system, indicating that the cis-and trans-DDP adducts blocking second-strand synthesis are bifunctional.
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